Abstract: The purpose of this work is to analyze the effect of gears with nonparallel axes on the dynamics and loading of gear parts. It was created the algorithm for gear drives modeling considering their non-parallel axes in the MSC.ADAMS package. Simulation demonstrated that the values of the dynamic forces acting the structural parts with constant loading depend on the angle between the shafts axes. The reasons for the high-frequency noise at the gear operation were explained. The results can become a basis for improving the gear drives design, both in terms of improving their reliability and noise reducing.
Introduction
In various machines the most widespread torque transmission is its changing through the gear drives. The advantages of such transmissions are their simplicity of construction and low cost of manufacturing. However, the gears can be a source of harmful vibrations, leading to premature failure of the mechanical systems. Furthermore their operation can lead to a strong noise level which is more higher than the standard values [1] .
Theoretically gears with involute profile should maintain a constant angular velocity of the gear and provide a constant tangent interaction force between the teeth of the wheels. But the theory is based on the assumption that the gears are rigid bodies. However, deformation of the material under the applied forces influence, errors in the manufacture and installation of gear wheels, lead to highfrequency vibrations that are the source of noise.
There is a significant number of studies devoted to investigations of the gear drives roughness effect on their dynamic parameters. For example, in the article [2] it is carried out an analysis of gears manufacture errors influence on the smoothness of the transmission by the computer simulation. The authors concluded that the presence of deviations from the parallel working axes leads to the indirect distortion of the involute tooth and causes errors of the transmission step engagement.
In [3, 4] the proposal for balancing of inaccurately made wheels by special cargoes were considered for the purpose of mutual compensation of disturbing forces. In the paper [5] there were proposed various ways of reducing gears vibration caused by inaccurate teeth cutting by decreasing the efficiency of oscillations excitation in the low frequency range.
In studies [6, 7] there were established the dependences between the parameters of the impact pulse in gearing and vibro-acoustic signal on the gear housing. This allowed to identify the level of the gear pair damage at its operation. In paper [8] it is given the method of gear defect determining by means of noise analysis.
In [9] the effect of the stiffness, damping coefficient, gear backlash and other parameters on the dynamic characteristics of the gear pair was investigated. In [10] the dynamic optimization of spur gears was made by a computer model.
Gearing shaft misalignment may be the result of a manufacturing error or gear assembly installation, and may be connected with the design peculiarities of mechanical transmission. Nowadays, the dynamics of gear drives with such abnormalities is studied insufficiently. The purpose of this work is to analyze the effect of gears with nonparallel axes on the dynamics and loading of gear parts.
Computer Models
As the object of study it was considered a gear with main parameters given in Table 1 . To create geometric models that differ by various angles between the gears axes it was used a system of three-dimensional solid and surface parametric modeling Autodesk Inventor Fusion. Each model includes a driving and driven gears with the parameters shown in Table 1 , which were fixed to the respective shafts. Bearings on the driving shaft have the inner and outer ring diameters of 45 mm and 85 mm respectively. Ball-bearings are located on the driven wheel with the inner and outer ring diameter of 75 mm and 130 mm respectively. The whole assembled model for the case of parallel axes is shown in Figure 1 .
Then the created 3-D model was imported into MSC.ADAMS. The material of details had the properties mentioned in the Table 2 .
The connections of bodies interaction in the gear were created in the program. The outer rings of the bearings were rigidly fixed to the ground, the inner ring of the bearing was rigidly attached to the shafts. There were created the contact pairs between the gear wheels and between the ball bearings and the respective outer and inner rings. Interaction forces between the contacting bodies were selected according to the recommendations of [11, 12 ,13] and they are presented in Table 3 . Figure 3. where: K -elastic resistance coefficient (force required to penetrate in the contact area by length unit), N/m e ; x0 -the initial position of the center of mass of one contact surface to another; x -the current position of the center of mass of one contact surface to another; C -viscous penetration resistance coefficient of the contact part to another one, N·s/m; e -exponential index of the deformation characteristics; S -step function;
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where: d -the depth of penetration for the maximum value of the viscous resistance, m; ddbody deformation;
( ) 3
Selection of friction coefficient at each time step was determined according to the translational velocity, as shown in Figure 2 . It can be seen that at low velocities, the friction is determined mainly by the static coefficient and increases rapidly with velocity increase. At high velocities, the friction coefficient is determined by a dynamic coefficient and does not practically depend on the velocity. It should be noted that in the original model bearing balls were held only by friction forces. However, the simulation could not be implemented because of the uncertainty at a time when the ball center moved vertically between bearing rings. Therefore, to create a model of the separator in a ball bearing the rolling elements were united by linear springs of 10000 N/m stiffness coefficient.
It was assumed that the driving shaft is rotated with a constant angular velocity of 70 rad/s.A 
Results and Discussion
The computations were carried out for a timeperiod corresponding to one revolution of the driving shaft. The time step was assumed to be 0.02 ms. Simulation was performed for a case when shafts axes lied in the same vertical plane and the angle between them was from 0 to 3°.
There were obtained the dependencies of forces, acting the bodies of the system, and kinematic parameters of the units motion on the base the solution of the differential equations system for bodies motion.
Figures 4 -6 present graphs of changes in the contact forces between the wheels, interaction forces with the outer ring of the bearing and the base and the kinetic energy-time dependence for the 0.5° angle between the axes of the wheels. These figures show that these factors change with frequency corresponding to a contact time of one teeth pair. Besides, there can be traced high-frequency vibrations at these graphs. Their appearance is connected, from our point of view, first of all, with the presence of the contact pairs. Due to the increase in the number of degrees of freedom caused by contact deformation more natural structure frequencies appear. Periodic effects on body systems related to the entrance of new teeth pairs into the contact, support these oscillations. They are the cause of high-frequency noise that appears at gears operation. Figure 7 demonstrates maximal contact force and angle between the shafts dependence. It shows that the force increases monotonically at angle increase. It should be noted that for the parallel shafts a very small change in the gear parameters leads to impacts between the teeth. The values of the impact forces are more than 10 times more than the forces in the unstressed mode (fig 8) . If shafts are not parallel, these impacts become weaker.
Conclusions
Thus, as a result it was created the algorithm for gear drives modeling considering their non-parallel axes in the MSC.ADAMS package. The values of the dynamic forces acting the structural parts with constant loading depend on the angle between the shafts axes. The reasons for the high-frequency noise at the gear operation were explained. The results can become a basis for improving the gear drives design, both in terms of improving their reliability and noise reducing.
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